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a  b  s  t  r  a  c  t

Paper-based  biosensors  represent  a disruptive  technology  by  providing  instantaneous  and  low-cost  diag-
nostics for  health  and  environmental  applications.  The  lack  of  sensitivity  can  be an  obstacle  for  this
technology  to compete  with  traditional  analytical  instrumentations.  Aiming  to  improve  the  sensitivity  of
a  paper-based  colorimetric  biosensor,  we  have  applied  colloids  engineering  in  combination  with  filtration
to lower  the  paper  substrate  backgrounds  and  optimize  the  immobilization  of  bio-molecules  on  paper.
A model  system  consisting  of  an  enzyme,  alkaline  phosphatase  (ALP),  and  an inorganic  colloid,  calcium
carbonate  (CC),  flocculated  by a cationic  dimethylamino-ethyl-methacrylate  polyacrylamide  (CPAM),
demonstrated  that  the  optimized  CC  flocs  are  best  for enhancing  the detecting  sensitivity  of  ALP. The  CC
floc  structure  on  paper  was  optimized  by  modulating  its structure  in  suspension.  Subsequently,  the filtra-
tion process  and  the  wicking  ability  of  paper  enabled  to freeze  the  deposited  CC  structure  inherited  from
the suspension.  The  incorporation  of  biomolecules  into  the CC before  immobilizing  on  paper  through
filtration  provided  not  only  a better  microenvironment,  but  also a  higher  surface  density  of  immobilized

biomolecules.  The  ALP  detection  limit  of  117 fmol  per  zone  (5 mm  circle)  in  the  current  study  was  fifty
times  lower  than  that  of  the  common  soaking  method  for  biomolecule  immobilization.  The  minimum
amount  of biomolecules  per  unit  substrate  area  required  for  detection  was  lowered  by over  an  order  of
magnitude,  compared  with  spotting  methods  (i.e.  inkjet  printing).  The  improvement  was  also  demon-
strated  by  the  steepest  slope  of  standard  curve,  the  lowest  background,  and  the  highest  activity  of  the
bioactive  paper  probed  with  the  diluted  BCIP/NBT  liquid  substrates.
. Introduction

Paper has recently attracted a considerable interest as means for
eveloping low cost analytical devices as it is affordable, abundant,
isposable, of high surface to volume or weight ratio, able to wick
uids, and easy to functionalize [1–7]. By providing instantaneous
nd low-cost diagnostics, paper-based biosensors represent a dis-
uptive technology for health and environmental applications [8].
or paper-based biosensor using colorimetric assays, the prototype
as evolved from a simple dipstick and 1D capillary-driven lateral
ow system to more complicated 2D or 3D microfluidic paper-
ased analytical devices (�PADs) and microzone plates including
aper-based enzyme-linked immunosorbent assay (P-ELISA). The
iosensors enable multiplex and quantitative analysis, in addition

o the conventional qualitative “yes/no” answers [5]. However, the
ow sensitivity and high limit of detection are preventing the paper-
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based analytical devices from reaching their full potential and
compete with the traditional analytical instrumentation [5,9,10].

Immobilization of the biorecognition element (i.e. enzyme and
antigen) on paper is the first step common to all colorimetric paper-
based biosensors. The colour, often based on the traditional assays
for spot-test analysis [11] and bio-recognition [12,13],  provides
a strong contrast with the whiteness of the paper. Consequently,
the change in colour signal at the biorecognition zone is used
to quantify the target analyte. Immobilization strategies of the
biorecognition element (biomolecule) plays a significant role in
determining sensitivity as it affects the conformation and distri-
bution of biomolecules immobilized on paper [14,15]. Therefore,
a better control of biomolecule immobilization on paper substrate
has the potential for increasing sensitivity. In addition, the immobi-
lization process that requires the smallest amount of biomolecules
for the desired detecting sensitivity provides a significant econom-
ical advantage as the biomolecules can be scarce and are often the
most expensive component of the biosensor [16].
Spotting through a pipette or an inkjet printer and soaking by
either dipping or incubating paper in biomolecule solution are
the common processes for biomolecule immobilization on paper
[1,14,16,17]. While convenient, these methods suffer from a lim-
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http://www.sciencedirect.com/science/journal/09277765
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tion. To obtain CC flocs, the pre-determined amount of CPAM (2
or 15 mg  of CPAM/g of CC) was  added quickly into the CC sus-
72 P. Peng et al. / Colloids and Surfac

ted control of the reagent solution flux through paper, and of
he ratio: volume of biomolecule reagent solution to paper area.

ost often, the flux of reagent solution and the immobilized
iomolecule distribution largely depend on the liquid wicking
aper, the physical–chemical properties of biomolecules, and the
heology and volume of the reagent solution. None of these exist-
ng methods can robotically and rapidly remove the unabsorbed
eagent solution. In addition, spotting methods usually demand a
igh biomolecule concentration, 0.1–1 mg/mL, or at least 1.9 pmol
f ALP per detecting zone (a circular area of a diameter of 5 mm)
18], although the biomolecule retention could reach 100% and the
eagent volume required for quantitative biosensor can be very low
i.e. 3 �L). Whitesides’ group has recently improved the detection
ensitivity of rabbit IgG by using an indirect P-ELISA [9].  The detec-
ion limit per detecting zone was lowered to 54 fmol (or 81 ng);
owever, this is approximately 10 times higher than that obtained

rom a traditional ELISA using 96-well plates [9].  Soaking normally
equires both large volumes of reagent and high concentrations of
iomolecules [17]. As a result, large amounts of biomolecules are
equired for quantitative biosensors.

Developments in materials science and chemical engineering
re offering new opportunities for enhancing sensor sensitivity [5].
or instance, the colour changes of gold nanoparticles, dependent
n their degree of aggregation, have been successfully applied to
olorimetric paper-based biosensors [19]. In fact, colloidal parti-
les have been recognized as versatile and efficient templates for
mmobilization of biomolecules since the early 1980s. Particles,
uch as latex, microgels and silica, have already been used to fab-
icate bioactive papers for biosensing [16]. However, the inorganic
articles flocculated at different degrees by polyelectrolyte have
ot been studied for the immobilization of functional biomolecules

or paper-based biosensors. The porous structure of the flocs con-
isting of solid particles [20] can be manipulated by controlling
he flocculation conditions. The flocs with controlled pore struc-
ures can serve as an alternative to encapsulate biomolecules, in

 similar way to polymeric microcapsules. As a result, a wide
ange of biocompatible biominerals [21], such as calcium carbon-
te and calcium phosphates, can be incorporated into bioactive
apers. Compared with a three-dimensional sol–gel network for
iomolecule encapsulation [3],  the suspension containing flocs of

norganic particles has a lower viscosity and allows to concentrate
iomolecules through quick separation from the continuous liquid
hase (i.e. water). By comparison, a biochemical immobilization
22] often requires hours of incubation and have diffusion limita-
ion issues for the substrate (i.e. cells) to reach the immobilized
iosorbent (i.e. enzyme).

The current study aims at engineering controlled colloid flocs
ncorporating biomolecules (colloids engineering) to increase
he sensitivity of paper-based biosensor (bioactive paper). Two
ypotheses relying on controlled colloid flocs were tested. The
rst was that the retention efficiency of biomolecules increases
y retaining particle-biomolecule flocs through filtration; the sec-
nd was that the activity of an immobilized biomolecule improves
hen incorporated within the biocompatible flocs.

An enzyme, alkaline phosphatase (ALP), was selected as model
iomolecule as it produces a colour change from light yellow to
ark blue, when in contact with the liquid substrate, 5-bromo-4-
hloro-3-indolyl phosphate and nitro blue tetrazolium (BCIP/NBT)
23]. Such a drastic colour change enables to visualize and to quan-
ify the bioactivity of the target biomolecule (ALP) [17]. Calcium
arbonate (CC) was chosen as a model colloid as it is widely used
s filler in many industrial applications, including medicine and

iotechnology. There are also interests in the application of CC
or microcapsule fabrication, pharmaceutics [24–26] and stem cell
issue regeneration [27]. With great biocompatibility, calcium car-
onate intensifies enzyme performance [28]. For ALP, the calcium
iointerfaces 88 (2011) 271– 278

divalent ions released from the calcium carbonate could enhance
ALP activity [29]. The alkaline environment provided by the CC
(pKa = 9) is also hypothesized to enhance its bioactivity by retaining
the pH at its optimum values (pH 7.5–9.5) [30]. In addition, cal-
cium carbonate is widely used as pigment in the paper industry and
contributes to the paper whiteness [31,32]. Such improved white-
ness can lower the optical background signal and thus enhances the
contrast between the paper substrate and the blue colour formed
by ALP-BCIP/NBT interaction. The controlled CC flocs incorporating
biomolecules will be obtained through controlling the adsorption
kinetics of a cationic polyacrylamide on CC particles and be retained
by a filtration process.

2. Experiments

2.1. Chemicals and materials

All chemicals and materials were from commercial resources
and used as received. Alkaline phosphatase (ALP, from bovine
intestinal mucosa, lyophilized powder, ≥10 DEA units/mg
solid), 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetra-
zolium (BCIP/NBT) liquid substrate, p-nitrophenyl phosphate
(pNPP) liquid substrate, tris (hydroxymethyl) aminomethane, mag-
nesium chloride, diethanolamine, hydrochloric acid and sodium
hydroxide were all purchased from Sigma–Aldrich. Calcium
carbonate (CC, precipitated, Schaefer Precarb 100 with a spe-
cific surface area (BET) of 8 ± 2 m2/g and average particle, size
d50 (Sedigraph), at 1.0 ± 0.2 �m)  was generously provided by
Schaefer Kalk (Malaysia) SDN.BHD. Cationic dimethylamino-ethyl-
methacrylate polyacrylamide (CPAM) (F1, SnowFlake Cationics,
13 MDa, 40 wt%  charge density) was  generously supplied by
AQUA + TECH, Switzerland. Whatman® filter paper (Grade 5) was
used as paper substrates for all studies.

2.2. Solution and suspension preparation

2.2.1. Buffer
The pH 9.8 buffer containing 1 M diethanolamine and 0.50 mM

MgCl2, adjusted by 5 M HCl, was used to prepare the ALP stock
solution as per the Sigma–Aldrich’s instruction. Two to four times
concentrated buffer was  also made for the convenience of dilu-
tion. The pH 9.2 buffer containing 10 mM Tris–HCl and 59.3 mM
MgCl2, as per the Sigma–Aldrich’s instruction, was used to dilute
the BCIP/NBT liquid substrate.

2.2.2. Liquid substrate
A series of diluted BCIP/NBT liquid substrates were prepared

by mixing the liquid substrate from the supplier with the pH 9.2
tris buffer into 1/20, 1/15, 1/10 and 1/5 dilutions. The pNPP liq-
uid substrate solution was  prepared by dissolving the tablet set
in the required volume of MilliQ water as per the manufacturer
instructions.

2.2.3. Calcium carbonate suspension and flocculation
A stock solution of CPAM (1 mg/mL) was prepared on the day

of experiment. 200 ppm CC suspensions under constant stirring
at 100 rpm were ready for mixing with the ALP solution for its
immobilization on paper substrates, after 10 min  of ultrasonica-
pension under stir and the lapse time was  monitored. The CC
flocs sampled at the pre-determined lapse time were used for
mixing with the ALP solution for its immobilization on paper
substrates.
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.2.4. ALP solution or suspension
The pure ALP buffer solution (S), buffered suspension with CC

olloids (CC) or with CC flocs induced by CPAM (CC flocs) was mixed
ith the ALP solution to obtain the required ALP concentration and

he ratio of ALP buffer to CC mass. Typically, around 2 mg  of CC
as used in the 15 mL  of suspension containing various amounts of
LP.

.3. Quantification of ALP in solution

A pNPP liquid substrate was used during quantification of the
LP in solution, where its application protocol recommended

or ELISA by the supplier was modified. The optimum condition
as the addition of 2.5 mL  of pNPP solution into the ALP buffer,

esulting in the total volume of 3.6 mL.  The mixture was then
eft to react in the dark for 30 min, immediately followed by the
ddition of 0.4 mL  of 6 N NaOH to stop the reaction. The absorbance
f the resultant yellow solution, measured by the UNICAM 8625
V/visible spectrometer at 405 nm,  was used to quantify the ALP

n solution. The coefficient of variation (CV) of ALP concentration
as less than 4.9% (n = 4).

.4. Characterization of CC flocculation induced by CPAM

Characterization of CC flocculation was conducted as previously
eported [33]. Briefly, after 10 min  of ultrasonication, 200 ppm CC
uspension stirred at 100 rpm was pumped through the photocell
f the Photometric Dispersion Analyzer (PDA 2000, Rank Brothers)
t a constant flow rate (30 mL/min). The early CC flocculation
as monitored continuously by recording the ratio (R) of the

oot mean square of the fluctuating light intensity to the average
ransmitted light intensity. When the CC floc size goes beyond the
DA detecting limit (150–200 �m)  at the late flocculation stage,
he Focused Beam Reflectance Measurement (FBRM) was used to
haracterize the CC flocs.

.5. Characterization of CPAM adsorption kinetics on CC

The CPAM adsorption kinetics was measured by quantification
f the adsorbed polymer of the CC suspension sampled at different
occulation times through subtracting the amount of CPAM in the
upernatant after centrifugation from that of the dosed polymer.
he quantification of CPAM was made through titration (MütekTM
CD-03, BTG Instruments GmbH) after complete hydrolyzation,
sing 0.0005 N poly-diallyldimethylammonium chloride. The
etection limit was below 0.1 �g (CPAM)/mL [33] and the coeffi-
ient of variation (CV) of the concentration of CPAM was less than
.8% (n = 3).

.6. Immobilisation of ALP on paper

The filter paper (� = 55 mm)  was placed in the Buchner fun-
el with a sintered disc (G3). The 15 mL  of buffer solution (S)
r CC suspension (CC or CC flocs) containing ALP was then
oured on top of the paper and left to soak for 10 s. The vac-
um was turned on afterwards for 10 s to remove the excess

iquid. The filtrate was collected for the ALP quantification when
equired.

.7. Analysis of CC structure on paper
The paper with or without deposited calcium carbonate was
ried at least overnight. The samples were then coated with carbon
rior to analysis by the Scanning Electron Microscope (SEM, JEOL

SM-840A).
iointerfaces 88 (2011) 271– 278 273

2.8. Quantification of immobilized ALP on paper

The amount of immobilized ALP on paper was determined by
subtracting the quantity of ALP in the filtrate from the added
amount of ALP, using a pNPP liquid substrate.

2.9. Evaluation of activity of bioactive paper

Three microlitres of the BCIP/NBT liquid substrate (or diluted
liquid substrates) was spotted on the paper substrate immobi-
lized with ALP, which was  then left in the dark for 30 min  for
the blue colour formation. The quantitative colorimetric detection
of the immobilized ALP was  made by detecting the reflectance
of colour zone (EPSON PERFECTION 2450 scanner and Image
J software) at the resolution of 600 dpi [17]. The RGB  pixels
was converted into the brightness values (V) using the formula
(V = 0.299R + 0.587G + 0.114B) [34]. The lower V value represents
more blue colour development, or a darker colour in gray scale.
The activity of the bioactive paper (DV) was  evaluated by the
brightness value difference obtained by subtracting the V value
of the paper immobilized with ALP from the V value of the ref-
erence paper substrate (background). The DV value varies with
the concentration of the added ALP on paper substrate, the ALP
immobilization condition and the dilution factor of enzymatic liq-
uid substrate. Therefore, comparison of the DV value is subject to
the defined constraints of circumstances. The average DV from mul-
tiple measurements (n = 7) was used and the confidence interval
was calculated using the standard derivation at the probability level
of 95%.

3. Results and discussion

3.1. Quantification of ALP in solution

An estimation of biomolecule immobilization efficiency during
the preparation of biosensors is essential for the economic opti-
mization of low cost analytical devices. This evaluation was made
by measuring the difference in concentration of the ALP in solution
before and after filtering through paper. Therefore, the quantifica-
tion of ALP in solution was investigated.

Using the BCIP/NBT substrate to directly quantify the soluble ALP
is problematic as the analysis is based on the blue colour generated
from an insoluble NBT diformazan [23]. The insoluble precipitate
scatters light and thus interferes with the quantification of the
soluble ALP by spectrophotometry. However, the reaction of ALP
with a pNPP substrate forms a soluble yellow p-nitrophenol, which
is recommended to quantify the amount of ALP in ELISA by the
supplier. To adapt the protocol for analysis of the ALP in a test
tube, the optimum ratio of the pNPP to ALP was investigated. An
adsorption plateau at 405 nm was found at the ratios of pNPP (mL)
to ALP (mg), ranging from 2000 to 10,000. A 2.5 mL  pNPP in the
total of 4 mL  buffer with the addition of 0.6 N NaOH at the end of
the reaction was thus chosen to quantify the ALP concentration
in solution. The standard curve demonstrated a good linear rela-
tionship between the absorbance (Abs) and the ALP concentration
(Fig. 1) (R = 0.9990).

3.2. Incorporation of calcium carbonate to optimize bioactive
paper activity

The hypothesis that calcium carbonate enhances ALP bioactivity
is mainly based on its chemical composition [29], alkaline microen-

vironment [30], increased adsorption of ALP and pore structure
of its flocculated aggregates. The electrostatic interaction between
CC and ALP often described in colloid chemistry played little role
in the hypothesis. This is because the CC, having a low negative
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Fig. 3. PDA ratio signal (R) of the CC suspensions as a function of time at different
CPAM dosages of (a) 2 and (b) 15 mg of CPAM/g of CC, respectively, and the number
of  counts evolution in FBRM for the CC suspensions at a size range of either (c and
d) 50–150 �m or (e and f) 150–300 �m at the CPAM dosages of (c and e) 2 and (d
ig. 1. The standard curve for quantification of ALP in solution through its reaction
ith a pNPP substrate (405 nm).

eta potential (−1.65 ± 0.17 mV at pH 9.7 ± 0.3) [33], facilitates the
dsorption of ALP on paper, regardless of the negative charge of
he ALP (isoelectric point: 4.4–5.8) [35] under alkaline conditions.

 filtration process was investigated to control the microenviron-
ent of an immobilized ALP on paper substrates by incorporating

alcium carbonate either as colloids or as flocs of controlled struc-
ure. The ratio of the buffer volume (pH 9.8) to the amount of CC
mg) present in the 15 mL  suspension aliquot affected the activ-
ty of the bioactive paper at a fixed ALP loading concentration
0.0125 mg/mL) (Fig. 2). Such an effect may  result from the inter-
ction of the CC with the ALP enzyme instead of a change in the
H, as the addition of CC at the ratio ranging from 3.5 to 22.0 did
ot significantly change the pH of the 15 mL  suspension aliquot.

n addition, the activity of bioactive paper made with CC sus-
ensions free of buffer was rather low. Therefore, the hypothesis
hat calcium carbonate improves the ALP bioactivity by provid-
ng an alkaline microenvironment is rejected. The ALP buffer (pH
.8)/CC (mg) ratio of 5.3 was selected for the incorporation of

C colloids and CC flocs in the subsequent ALP immobilization
tudies.
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ig. 2. Effect of the ratio of buffer (pH 9.8) volume to the mass of calcium carbonate
n  the system pH (©) and the activity of bioactive paper (�) (ALP in the detection
ell: 7.8 × 10−5 mg/mL). Dv max represents the maximum bioactivity observed in this
tudy.
and  f) 15 mg  of CPAM/g of CC, respectively. CPAM was injected at 5 min.

3.3. Effect of CC flocculation on bioactive paper activity

Two complementary techniques, Photometric Dispersion Ana-
lyzer (PDA) and Focused Beam Reflectance Measurement (FBRM),
were used to quantify the full flocculation process of CC induced
by the CPAM, from colloids to micro-flocs. The CC early floccula-
tion was monitored by PDA as a function of time at two  different
polymer concentrations (2 and 15 mg  of CPAM/g of CC) (Fig. 3).
The growth rate of CC flocculation at a low polymer dose grad-
ually increased after an induction period and remained steady
(13–17 min) before approaching a flocculation plateau. In contrast,
a high polymer dose (15 mg  of CPAM/g of CC) instantly induced
CC flocculation, which proceeded at an almost constant floccula-
tion rate and reached the plateau at around 12 min. The absolute
PDA ratio (R), an indication of the CC flocs structure, varied with
the polymer dose and the flocculation time. In the late flocculation
stage, the FBRM counts, indicative of particle numbers, as a func-
tion of time for the particle size ranging between 50 and 150 �m
and between 150 and 300 �m,  respectively, disclosed the contin-
ued progressive flocculation of CC suspension. However, the floc
sizes were different for the low and high CPAM doses (Fig. 3). There-
fore, both the CPAM dose and the flocculation time of the CC flocs
were controlled to modulate the CC flocs structure for ALP immo-
bilization.

The concentration of a cationic polymer was previously found to
affect the antibody performance during its application for pathogen
detection, where a low polymer concentration was beneficial
[36,37]. Therefore, the amount of free polymer left in suspension
and the amount of adsorbed polymer on CC were quantified (Fig. 4).
For a low dose of polymer (2 mg  of CPAM/g of CC), the amount of free
CPAM remained almost constant up to 6 min  after polymer addi-
tion; afterwards, the free CPAM depletion kinetics demonstrated
similar trends to that at a high CPAM dose: an initial linear decrease
up to around 10 min  followed by a plateau (0.6 mg  of CPAM/g of CC).
The corresponding CPAM adsorption plateaus are 1.7 and 13.6 mg
of CPAM/g of CC for the initial CPAM dosages of 2 and 15 of CPAM/g
of CC, respectively. We observed discrepancies between the floccu-
lation rates and the predictions from the surface coverage theory

based on a simple monolayer adsorption model (around 3.9 mg
CPAM/g CC) [38,39] at both the early and late flocculation stages.
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ig. 4. (A) Non-adsorbed (free) CPAM depletion kinetics and (B) CPAM adsorption
inetics during CC flocculation at the CPAM doses of (�) 2 mg  and (©) 15 mg  of
PAM/g of CC, respectively. CPAM was injected at 5 min.

Comparison of Figs. 3 and 4 disclosed that all early stages
f CC flocculation detectable by PDA happened under non-
quilibrium polymer adsorption regimes. The full analysis is
vailable elsewhere [33]. Such a coincidence indicates that the
nzyme immobilization on substrates through colloids and flocs
equires the development of procedures which facilitate the reten-
ion of their dynamic structures formed during the kinetic process.
he filtration process effectively fixed, on paper, the CC structure
nherited from the engineered flocs of the CC suspension (Fig. 5).
he CC flocs showed larger aggregates on paper than those from
he CC colloids. This CC structure affected the activity of the bioac-
ive paper (Fig. 6). Statistical t-tests based on the two samples
uggested that the ALP incorporated with the CC flocs formed at
ither 9 min  with 2 mg  of CPAM/g of CC or 8 min  with 15 mg  of
PAM/g of CC presented a higher bioactivity as indicated by the
arger Dv signal (1.3 times the non-flocculated CC colloids, D0),
ssuming equal variances. Further investigation with a series of
LP (0.00625–0.075 mg  of ALP/mL) incorporated with the CC flocs
nder the above-mentioned CC flocculation conditions disclosed
iointerfaces 88 (2011) 271– 278 275

that the low CPAM dose (2 mg  of CPAM/g of CC) was superior; this is
consistent with Wang’s previous report [36]. The condition at 9 min
with 2 mg  of CPAM/g of CC demonstrated consistent larger Dv val-
ues of lower confidence intervals across the full ALP concentrations
studied, which also showed a better linear relationship between
the Dv signal and the added ALP concentration (data not shown).
Therefore, the CC flocs formed at 9 min  with 2 mg  of CPAM/g of CC
was selected to further study the ALP immobilization on paper.

3.4. Effect of immobilization conditions on ALP retention
efficiency on paper

The incorporation of CC and CC flocs during the ALP immobiliza-
tion process increased the enzyme immobilization efficiency across
the full range of ALP concentrations investigated, regardless of the
CC structures (Fig. 7). The average ALP loading efficiency by incor-
poration of CC either as a colloid or a floc increased to 27% from the
previous 12% achieved only with ALP buffer. In addition, the loaded
amount of ALP per unit paper surface increased linearly with the
ALP concentration in the presence of CC colloids or CC flocs, whereas
no significant increase of the loaded ALP was  observed with the ALP
concentration up to 0.0125 mg/mL  in the absence of CC.

Although the increased surface area from incorporating CC par-
ticles could allow more ALP molecules directly adsorbed on paper,
the easiness of the ALP molecule diffusion onto the CC particles in
suspension also accounted for increasing the retention efficiency
of ALP. Experiments disclosed that the ALP retention efficiency
of the paper with the pre-deposited CC particles was  the same
as that of the bare paper, when the pure ALP buffer solution
(0.002–0.05 mg/mL) was  used for preparing the bioactive paper.
This implied that the CC in suspension allowed easier diffusion of
the enzyme onto the CC surface than the compact CC pre-deposited
on paper. In addition, the similarity of the ALP immobilization effi-
ciency between the CC colloids and the CC flocs suggests that the
open porous structure of the CC flocs in suspension allowed full ALP
molecules diffusion inside the pores (Fig. 5D).

3.5. Effect of ALP immobilization on bioactive paper activity

The incorporation of CC at different quantities and under various
aggregation levels influences the roughness, brightness and light
scattering of the paper substrate [40]. Nevertheless, the concept
of the Dv value was defined to remove the effect of the back-
ground signal from the substrate and to represent only the activity
of the bioactive paper. The standard curves for quantification of
ALP (0–0.08 mg/mL) through forming bioactive paper were com-
pared for various ALP immobilization conditions (Fig. 8), where the
data for the pure ALP buffer (S) by soaking process was extrapo-
lated [17] by using DataThief software [41]. At a fixed ALP loading
concentration, a larger Dv value indicates an increased blue colour
development, and thus a larger activity of the bioactive paper.
Compared with the soaking method [17], the filtration process for
ALP immobilization demonstrated significant improvements in the
activity of the bioactive papers. Two reasons can be ascribed for
such an improvement. The first is the absence of blotting proce-
dure, a common practice for the soaking method, which prevented
the loss of the superficial ALP molecules on paper substrates. The
second is the force generated from the vacuum filtration process
which could facilitate the ALP adsorption inside the capillaries of
the paper.

All calibration curves across ALP concentration up to 0.08 mg/mL
followed the expected nonlinear functions [1] and were best fit-

ted with the 2nd order logarithm (Fig. 8A). Although the amount
of immobilized ALP increased with enzyme concentration (up to
0.05 mg/mL) (Fig. 7), the blue colour almost saturated at the added
ALP concentrations beyond 0.02 mg/mL, as indicated by the flat Dv
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Fig. 5. Illustrated retention of the CC structure on paper substrate by SEM through the fi
flocs.  (D) is the magnified image of one spot of (C). The scale bar: (A)–(C): 100 �m,  (D): 1 
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values. This could result from the limited access of the ALP that
reacts with a drop of 3 �L of the BCIP/NBT liquid substrate at a
certain depth of paper and the likelihood of blue colour detection
by the scanner. The accessibility and conformation of an immobi-
lized ALP and the surface morphology of bioactive papers were all
affected by the ALP immobilization conditions. The smoother paper
surface without calcium carbonate had the least amount of immo-
bilized ALP and less colour reflection areas, and thus the lowest
colour saturation values.

To further evaluate the sensitivity of the bioactive paper, the
standard curves within the lower ALP concentrations were mag-
nified (Fig. 8B). ANOVA analysis showed that all standard curves
were linear at the ALP concentrations ranging between 0.001 and
0.00625 mg/mL. The highest slope in Fig. 8B implied that the CC
flocs provided the best microenvironment to enhance the detecting
sensitivity of ALP through forming bioactive paper.

3.6. Effect of ALP immobilization on its detection limit

To compare the detection limits of paper-based ALP sensors
prepared under different conditions, the brightness values (V) and
their variations of the respective background substrates were eval-
uated for different ALP immobilization conditions. The t-test for
the two samples demonstrated that the V value from the back-
ground with the CC flocs (VCC flocs = 253.1 ± 0.3) was significantly
larger than the V value from the background with the CC colloids
(VCC = 252.4 ± 0.3), assuming equal variances at the 95% significance
level. The same t-test also demonstrated that the V value from the
background with the CC colloids was significantly larger than the V
value from the background only using the buffer (VS = 251.2 ± 0.3).
The larger V value represents a brighter background, thus, a better
sensor supporting medium.

The detection limits of ALP were estimated by three times the
estimated standard deviation of the respective blanks at the 95%
significance level [42]. The CC flocs indicated a slightly lower limit
(1.1 nM)  than CC colloids (1.3 nM)  and pure buffer (S) systems
(1.9 nM). By considering the test zone of bioactive paper to be a
5 mm circle [9],  the minimum amount of ALP required per zone
were 117, 134, 194 and 6066 fmol for the CC flocs, CC colloids and
S system by a filtration method, and S system by a soaking method
(extrapolated from Khan et al. [17] and processed with DataThieft

[41]), respectively. The incorporation of CC flocs combined with fil-
tration method reduced the detection limit of ALP by a factor of 50
compared with the common soaking method (58 nM). The lowest
detection limit in the current study is comparable with the best pre-
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iously reported sensitivity of 54 fmol per zone for IgG [9].  Further
mprovement is also feasible by decreasing the ALP loading vol-
mes. This demonstrated that combining colloids engineering with
he filtration process offers great potential for improving sensor
ensitivity.

.7. Activity of bioactive paper probed by diluted BCIP/NBT
ubstrates

An alternative method was also investigated to further evalu-
te the performance of bioactive papers. An insufficient amount

f ALP liquid substrate consisting of a series of diluted BCIP/NBT
as served as a probe to differentiate the activity of the bioactive
apers made under various conditions at a fixed ALP concentra-
ion (0.0125 mg/mL). In agreement with the previous findings, the
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flocculation of CC affected the bioactivity of the immobilized ALP,
despite its similar ALP immobilization efficiency to that of CC col-
loids. This confirms that the ALP conformation was affected by CC
flocculation. The bioactive paper with the CC flocs on paper sub-
strates again demonstrated the highest activity as indicated by the
largest Dv value achieved at a given liquid substrate dilution factor
(Fig. 9).

4. Conclusions

Colloids engineering combined with filtration improved the
sensitivity of paper-based biosensors; this has been illustrated
in this study by using a model system consisting of an enzyme
(ALP) and an inorganic colloid: calcium carbonate (CC). The ALP
molecules incorporated into the CC colloids or flocs were retained
on paper through filtration. The optimized CC flocs were best for
enhancing the sensor performance as demonstrated by the steepest
slope of standard curve, the lowest background, the lowest detec-
tion limit (1.1 nM), and the highest bioactivity of an immobilized
ALP. To better control the CC floc structure ideal for ALP immobiliza-
tion, the full CC flocculation process induced by CPAM was analysed
from colloids to large flocs by combining two complementary tech-
niques: PDA and FBRM. Discrepancies between the measured CC
flocculation rates and the prediction from the surface coverage the-
ory based on the monolayer adsorption model were observed at
both the early and the late flocculation stages. All early stages of
flocculation detectable by PDA happened under non-equilibrium
polymer adsorption regimes. In the progressive CC flocculation pro-
cess, the polymer dose and the flocculation time were both used as
variables to modulate the CC floc structure in suspension. The fil-
tration process combined with the wicking ability of paper enabled
to retain, on paper, the CC floc structure inherited from the suspen-
sion. The amount of immobilized ALP on paper was  quantified by
adapting the commercially available ALP-pNPP protocol routinely

used for ELISA. The average ALP loading efficiency, by incorporation
of CC either as colloids or as flocs through filtration, almost doubled
to 27%. While such enzyme immobilization efficiency is lower than
that achieved by printing (up to 100%), the ALP detection limit of
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